Introduction
The diaphragm is a striated skeletal muscle controlled by voluntary and automatic neural pathways. Its primary function is the act of breathing, specifically the inspiratory phase. The diaphragm responds to neural drive and work load much like nonrespiratory striated skeletal muscles, and its functional characteristics are primarily determined by its contractile properties. However, diaphragmatic contraction is modified by particular constraints imposed by respiratory system mechanics and control mechanisms. For example, Fenn (1) noted that the diaphragm contracts rhythmically against elastic and resistive forces, and that with each relaxation the diaphragm returns to a relatively constant resting position, determined by the balance of lung and chest wall recoil forces. Limb muscles also contract rhythmically during locomotion, but they must overcome predominantly inertial forces, and they have no special resting position. The most prominent influence on the diaphragm is the fact that, like the heart, it must contract in repetitive rhythmic fashion for life.
Muscle fiber types and innervation
Breathing is endurance work, and the muscle fiber composition of the diaphragm is well suited to the task (2) . -55% of the fibers in adult human diaphragm are of the slow twitch, oxidative type, which are highly resistant to fatigue. -25% are of the fast twitch, oxidative glycolytic type, which, though intermediate, are relatively resistant to fatigue. The remaining 20% of the fibers are of the fast twitch glycolytic variety, which are susceptible to fatigue. In dogs and mice fast twitch glycolytic fibers are absent, whereas in other species they compose 20-40% of the diaphragm muscle fiber population (2) . In general, slow twitch oxidative fibers are relatively well endowed with capillaries, myoglobin, mitochondria, and isoenzymes that favor aerobic metabolism, whereas fast twitch glycolytic fibers have less myoglobin and mitochondria, and isoenzymes that favor anaerobic glycolysis (3, 4) . Slow twitch fibers have low, and fast twitch fibers have high myosin ATPase activity, which accounts for the difference in contractile properties (3, 4) . In most species, including the adult human, 75% or more of diaphragm muscle fibers have good to excellent endurance characteristics.
Neural control of the diaphragm is mediated via the phrenic nerve. Phrenic motoneurones lie in the cervical spinal cord, at segments 3-5 in humans, 4-6 in the cat, and 5-7 in Dr. Rochester is the E. Cato Drash Professor of Medicine.
Receivedfor publication 6 February 1985. the dog. In the cat and dog, the uppermost phrenic root mostly supplies the costal portion of the diaphragm, whereas the lowermost root mostly supplies the crural portion (5, 6) . The phrenic nerve has -400 axons in the rat and -1,600 in the dog; in the dog -65% are efferent and the remainder are afferent fibers (7, 8) . The innervation ratio is -400 muscle fibers/nerve axon in the rat (7), and by extrapolation from data in limb muscles (3), the ratio would probably be -2,500 in humans. Proprioceptive receptors, especially muscle spindles, are relatively sparse in the diaphragm (8, 9) . Thus, the diaphragm's ability to compensate for loads depends more on its intrinsic contractile properties than on neural reflex mechanisms.
The mean firing rate of phrenic motoneurones in the cat is -10 impulses/second (Hz) during quiet breathing and increases to -12 Hz with unobstructed C02-induced hyperventilation. With airway occlusion, the firing rate rises as a function of inspiratory pressure to -30 Hz (10) . The upper limit of motor unit discharge rates of human limb muscles during maximal voluntary contraction seems to be 30 Hz (1 1). Thus it is reasonable to suppose that frequencies of 10-30 Hz represent the physiologic range of intrinsic neural firing rates.
Contractile properties
The diaphragm, like other striated skeletal muscles, exhibits characteristic responses to stimulation. The speed of a single twitch contraction is measured as time to peak tension (TPT), and the rate of relaxation is measured as time required for peak tension to fall by half (one half relaxation time, '/2 RT).
Diaphragms from small animals contract and relax more rapidly than those of larger species, and within a species TPT and '/2 RT (2) . At this velocity, maximal stimulation would theoretically produce a contractile force that is <20% of that in an isometric contraction (18) . This is consistent with actual transdiaphragmatic pressure (Pdi) measured during maximal static and unobstructed inspiratory efforts (19), and supports Fenn's prediction (1) that inspiratory airflow is limited more by the ability of inspiratory muscles to develop pressure than by airway caliber.
The optimal resting length (Lo) of in vitro muscle preparations is defined as the length at which peak twitch force is developed. Maximal tetanic stimulation at Lo yields maximal force (P0). The diaphragm begins to develop force at 0.5 Lo, and active force is -50% of the maximal force per unit of diaphragm muscle cross-sectional area (P0) at both 0.7 and 1.25 Lo (12). Beyond Lo muscles develop passive tension such that as active tension falls, total tension remains nearly constant. The in vitro force-length curves for diaphragm, when normalized for L" and P0, are virtually identical to those of other muscles, and across species (12) .
We estimated the force-length relationship of the in situ human diaphragm, using a roentgenographic technique to measure total diaphragm length (15), and data obtained at necropsy (16) to obtain the length of the muscular portion. Force was inferred from Pdi measured during maximal voluntary expiratory efforts. Data were obtained at four lung volumes from full expiration to full inspiration. The forcelength curve constructed from these values of Pdi and muscle length fits in vitro force-length curves quite well, and L" seems to be at a lung volume below the resting volume (functional residual capacity, FRG). In the open-chest dog, the costal diaphragm contractile force and length responses to tetanic phrenic nerve stimulation have been measured directly (20) . The resultant force-length curve also has the same characteristics as curves from in vitro muscle, and again L" seems to be at lung volume below FRC. In situ force-length characteristics of the costal and crural parts of the diaphragm have been determined in intact dogs, using sonomicrometry (21). In this study, L" of the costal diaphragm lies at a lung volume above FRC, whereas the opposite was true for the crural diaphragm. produced by tetanic stimulation of the in situ canine diaphragm is 1.5-2 kg/cm2 (20) . We used the shape and dimensions of the human diaphragm and body cavity to calculate its contractile force during a static inspiratory effort in which Pdi was 120 cm H20 (29 
Mechanical actions in situ
To understand the actions of the diaphragm on the respiratory system, it is necessary to appreciate its arrangement in situ (Fig. 1) . Each hemidiaphragm is like an elliptical cylinder with a curved dome, with the top of the dome being somewhat flattened (31) . The anterior wall of the cylindrical portion conforms to the costal margin, so the muscle fibers are longer posteriorly than anteriorly. Most of the muscle fibers are oriented parallel to the cranio-caudal body axis, with only the upper portions curved over the abdominal viscera.
Developmentally, anatomically, and functionally the diaphragm comprises two muscles (6, 23, 33) . The costal portion is thin and flat; its muscle fibers extend radially from the central tendon to insert on the rib cage. The crural portion is located next to the spine. It is thicker, and has a more complex criss-cross arrangement of fibers, especially around the aortic and esophageal hiatuses. Contraction of the diaphragm increases abdominal pressure and decreases pleural pressure. The increased abdominal pressure exerts an outward inspiratory force on the lower third of the rib cage, which is apposed to the diaphragm (34, 35) . The upward pull of the costal diaphragm also causes the lower rib cage to expand. The negative pleural In an electric circuit analogue of muscle action, muscles (force generators) in series sum their forces but share a common length displacement. In contrast, muscles in electrical parallel exert a common force but sum their length displacements (36) . In a mechanical model the series and parallel arrangements are just the opposite of these in the electric circuit analogue. At low and normal lung volumes the costal diaphragm is in electrical series with the crural diaphragm and with the intercostal and accessory inspiratory muscles, whereas the crural diaphragm is in electric parallel with the intercostal and accessory inspiratory muscles (36) . These arrangements are altered at high lung volume, by a decrease in the area of apposition (34, 35) and by a change in the relationship between costal and crural diaphragm (35, 36) .
In situ, as lung volume increases, the diaphragm shortens. Data from human and dog studies (15, 20) show a similar, slightly curvilinear relationship of diaphragm length to lung volume, with AL/AV decreasing as lung volume increases. It is probable that there is a relatively constant relationship between diaphragm length, configuration, and lung volume under the conditions of those studies, although under other circumstances the diaphragm can be made to assume various other configurations at a given lung volume (34) (35) (36) . Most or all of the reduction in Pdi after increasing lung volume can be explained by the force-length properties of the diaphragm (15, 20). Diaphragm dome shape changes only slightly from full expiration to full inspiration (20) , and the ratio of Pdi to directly measured contractile force remains constant until close to full inspiration (20) . The constancy of the Pdi-force relationship results in part from its overall configurational characteristics (31 (Table I ). The first four tests effectively represent a reduction in contractile force or Pdi in response to spontaneous or external stimulation. Failure to achieve a previously attainable Pdi maximum or targetted level of Pdi during IRL assumes that the level of voluntary neural activation is the same before and after the onset of fatigue, but the degree of activation is not quantified. In fact, the level of central neural activation decreases somewhat with fatigue (40). Simultaneous measurement of Pdi and the moving time average of diaphragmatic electrical activity (Edi) yields a Pdi/Edi ratio that falls when contractility is impaired, as for example in response to breathing CO2 enriched air (41), or with diaphragmatic fatigue-induced by cardiogenic shock (42) . In this test, Edi reflects central neural drive.
The force-frequency response curve also reflects a ratio of Pdi to activation, the latter being provided by external tetanic stimulation of the phrenic nerve. Again, fatigue reduces the Pdi response to simulation, the force-frequency response depending on the nature of the fatiguing effort. With severe IRL, force is lost both at low frequencies in the physiologic range (low frequency fatigue) and at high frequencies (high frequency fatigue) (23, 24) . The decrement of force is -50% at 20 Hz, and -10% at 100 Hz stimulation. Prolonged submaximal efforts produce low frequency but not high frequency fatigue (23, 43) . Recovery from high frequency fatigue is relatively rapid, within 30 min, but recovery from low frequency fatigue does not occur until after 1 h or more (23, 24, 43) .
The next two tests for diaphragmatic fatigue (Table I) (44) . This enables the diaphragm to maintain tension despite a reduction in central activation (40).
Muscle fatigue is associated with an alteration of the frequency content of the electromyogram (EMG), with power being redistributed from higher to lower frequencies. This is best quantified as a downward shift in the centroid frequency, measured using power spectral analysis (45, 46) . A simple technique is to ascertain the ratio of power in a high frequency band to that in a low frequency band (high/low ratio). The high/low ratio of the diaphragm falls with fatigue (47, 48) , with a time course and extent that closely match the prolongation of relaxation (44) . To recapitulate, prolongation of relaxation and decrease in the high/low ratio precede overt fatigue, and the speed and magnitude of changes in these variables are strongly correlated with the intensity of the fatiguing effort (44, 48) .
The reasons for the increase in relaxation time and decrease in the high/low ratio with fatigue are not fully understood. These phenomena may be related to the excitation-contraction coupling process, specifically to changes in muscle membrane function after alterations in muscle energy metabolism. Prolonged relaxation is associated with reductions in muscle phosphagen and pH (49) , but relaxation can also be prolonged by reducing extracellular chloride concentration (50) . Both low external chloride and CO2 acidosis increase muscle membrane resistance (51) . The shift in the EMG power spectrum is unlikely to result from slowing the frequency of or synchronizing nerve firing rates, or to delay at the neuromuscular junction (52) . It may be related to prolongation of sarcolemmal conduction velocity (48), although this point is debated (52) . In any case, it is important to note that the power spectral shift in the EMG is present only when both high and low frequency fatigue are present. There is no change in centroid frequency or high/low ratio with low frequency fatigue alone, in either the diaphragm or limb muscles (23, 43 (59, 60) . The reason for this discrepancy is not known.
The diaphragm in disease
Inspiratory muscle strength is markedly reduced by weight loss and myopathy (61, 62) , and when it falls below 30% normal hypercapnic respiratory failure is likely to occur (62) . Hypercapnia impairs diaphragmatic contractility (41) Animal models of disease provide valuable insights into compensatory mechanisms that can occur in the diaphragm. With severe emphysema, the hamster diaphragm shifts its Lo to a shorter absolute length by losing sarcomeres (26, 27, 70). As a result, the length of remaining sarcomeres is closer to their Lo despite hyperinflation of the lung. However, the magnitude of this compensation is small at degrees of hyperinflation that correspond to those in human obstructive lung disease. Emphysema does not alter diaphragmatic contractile properties or P0 (26, 27), but it can increase total contractile force of the whole diaphragm through hypertrophy (26). In sedentary hamsters emphysema causes selective atrophy of fast twitch fibers, which is prevented by concurrent exercise training (71). Emphysema alone and with training significantly increases the oxidative potential, and reduces glycolytic capacity of the hamster diaphragm (71).
Challenging problems exist for future research. One area concerns the relationship between in vitro and in vivo mechanical and contractile properties. Physiologic neural activation of a muscle involves stochastic rather than synchronous activation of motor units. It is conceivable th4t a given nerve firing frequency produces more force in the whole muscle than artificial stimulation at the same frequency, at less metabolic cost. The effects of muscle shortening mediated both by length per se and by the velocity of shortening on diaphragmatic blood flow, metabolism, and endurance remain to be established, particularly under physiologic states such as exercise.
The mechanisms of low frequency fatigue and its delayed recovery are still poorly understood. Most evidence supports the concept that these are mediated by altered excitationcontraction coupling, rather than impaired energy metabolism (22). Yet it is possible that during the period when energy supply is depleted there are structural or functional alterations in the various muscle membranes (sarcolemmal, sarcoplasmic reticular, and mitochondrial) that persist long after metabolism has returned to normal. The mechanisms underlying muscle fatigue might be protective, in the sense that contraction is inhibited before severe depletion of energy supply, so that irreversible structural damage is prevented. In this regard, the deleterious effects of infection, trauma, and neoplasm on muscle protein synthesis and degradation, and on muscle contractility are of great interest (72) . All these issues are of paramount importance to the diaphragm as they concern factors that determine its function in disease. Contractility of the diaphragm is not absolutely essential for life, but it certainly is required for good health and the ability to carry out normal life activities.
